Marine and eolian carbonate deposits, grouped under the name ''Tamala Limestone'', have been investigated along thousands of kilometers of coastal Western Australia (WA). Relative-age diagenetic features of carbonate sand dunes or ''eolianites'' indicate that coastal ridges decrease in age seaward, reflecting coastal accretion during successive sea-level stands. Yellow-to red-stained quartz sands are associated with eolianites as pits, lenses, extensive beds, and even 40-m-high dunes.
Introduction
Coastal carbonate sediments and rocks representing subtidal, beach, and supratidal facies abound in Western Australia (WA), particularly from Shark Bay southward, where prevailing winds are generally onshore (Fig. 1) . In Bermuda, which serves as a model for the interpretation of coastal eolianites, similar biogenic dune deposits were defined as ''eolianites'' by Sayles (1931) . Sayles (1931) originally suggested that carbonate eolianites were glacialage dunes deposits that migrate across exposed shelf areas. Bretz (1960) later reversed this perspective by demonstrating eolianites are a supratidal facies of coastal subtidal and beach deposits, and thus correlated them with highstand cycles which remains the prevalent global view. In WA, Fairbridge and Teichert (1953) , and many others to follow, maintained a model of eolianite deposition during periods of glacially lowered sea level.
Eolianites generally form a broad coastal ridge parallel to the coast, and are volumetrically dominant on many subtropical coastlines (Brooke, 2001) . However, with the exception of well-dated reef deposits ca. 125 ka (Stirling et al., 1995 (Stirling et al., , 1998 O'Leary, 2007; O'Leary et al., in press, in review) , there is little consensus in WA on virtually any aspect of carbonate dune deposits including their ARTICLE IN PRESS www.elsevier.com/locate/quageo 1871-1014/$ -see front matter r 2007 Elsevier Ltd. All rights reserved. doi:10.1016 All rights reserved. doi:10. /j.quageo.2007 provenance, mechanism of transport (e.g., migration or aggradation), age of formation, and timing of dune emplacement relative to sea-level cycles. In this investigation, we focus on four important issues: (1) the abundance and distribution of Quaternary carbonate dunes (henceforth ''carbonate dunes or eolianites'') of various ages; (2) the origin and significance of interbedded quartz deposits including dunes on the coastal plain; (3) the formation and age of the Tamala Limestone at the type locality along the Zuytdorp Cliffs, and; (4) the relevance and suitability of this type locality to represent eolianite deposits across WA (Table 1) . We address these questions primarily through a regional chronostratigraphic survey of sites correlated and dated with amino acid epimerization (AAE) geochronology, AMS 14 C, and U/Th ages.
Eolianites in WA
The dearth of scientific information about eolianites in WA is partially attributed to the remoteness of the coastline outside of Perth, the sheer scale of the deposits, and to the limitations in available dating methods. The effective range of AMS 14 C is too short to be relevant to most Pleistocene deposits, while pristine in situ corals, required for U/Th dating, occur in only a handful of exposures of reef facies in the region. In contrast, eolianite ridges occur throughout coastal WA. The development of whole-rock (WR) aminostratigraphy (Hearty et al., 1992) offers new opportunities to correlate and date Quaternary carbonates, particularly eolianites that generally lack macrofossils.
In Fig. 2 , a facies model developed from Bahamian studies (Hearty and Kindler, 1997) represents eolianites as highstand supratidal facies. The highstand eolianite model has a strong basis in previous research. This investigation is preceded by a number of aminostratigraphic studies, which also employ coastal geomorphology, stratigraphy, and sedimentology from the Mediterranean (Hearty et al., 1986) , Bermuda (Hearty et al., 1992; Hearty, 2002a) , Bahamas , Hawaiian Islands (Hearty et al., , 2005a Hearty, 2002b; Fletcher et al., 2005) , South Australia (MurrayWallace et al., 2001) , and WA (Murray-Wallace and Kimber, 1989; Hearty, 2003) . These studies offer numerous examples of coastal facies relationships between shore and dunes, and demonstrate the effectiveness and reliability of the AAE approach. Through AAE, it is possible to group sites according to relative age, determine the relative abundance of sites of similar age, and to make generalizations about the likely correlation with several past sealevel cycles.
Interbedded deposits of quartz sand
In WA, eolianites consistently contain a small percentage of quartz and lithic grains, which are presumably ARTICLE IN PRESS incorporated into carbonate beach and dunes during the erosive action of underlying continental sediments during marine transgressions (Hearty, 2003) . The abundance of quartz sand is generally less than 10% in eolianites (Table 2) , while soil and paleosol horizons generally contain higher proportions of quartz grains. In many examples, eolianites are interbedded with, or overlain by decimeters to meters of yellow to red, nearly pure (495%) quartz sand (Allayialis, 2003) . Pure quartz sands also infill pits in eolianite (Fig. 3) .
The source of these quartz deposits is inextricably interwoven with the discussion of eolianites. One school of thought maintains that the quartz sand deposits result from dissolution of the carbonate sediments by meteoric waters, thus creating concentrations of quartz grains or ''residual soils'' (e.g., Bastian, 1996) . An opposing view is that the quartz is distributed seaward (westward) across the coastal plain by migrating continental dunes during periods of lower sea level (or ''desert expansion'' of Semeniuk and Glassford, 1988) . Table 1 Stratigraphic nomenclature and correlation of units in Perth and Carnarvon Basins, Western Australia
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The type locality of the ''Tamala Limestone''
The Zuytdorp Cliffs of central coastal WA maintain an important distinction as the type locality of the Tamala Limestone, representing Quaternary coastal eolianites in the Shark Bay area (Logan et al., 1970) and across all of WA (Playford et al., 1975 (Playford et al., , 1976 ). Playford's (1990 Playford's ( , 1997 broader definitions would encompass widespread and voluminous carbonate marine and eolianite deposits along 5000 km of WA coastline and span over 1 Ma. Despite this impressive status, neither a detailed description of the deposits nor any geochronology has been published from the type area. Teichert (1950) first referred to the assemblage of marine and eolianite deposits along the coast of WA as the ''coastal limestone'' (Table 1) . Brian Logan and colleagues later discussed (in Gill, 1968) and defined (Logan et al., 1970, p. 52 ) the ''Tamala eolianite (as) a vast complex of dunes which riseyup to 500 ft above present sea level''. They specified no type locality, but presumably were referring to the adjacent Zuytdorp Cliffs several kilometers west of Tamala Cattle Station (Fig. 1) . They characterized the deposits as ''consolidated to unconsolidated, coarse-to medium-grained, skeletal-fragment grainstone which commonly shows large-scale (eolian) cross-bedding''. They assigned an early Pleistocene age to these deposits (their Table 2 , p. 51). The name ''Tamala'' was thus adopted to represent Quaternary eolianites, first in Shark Bay, and subsequently in all of WA (Fig. 1) . Playford et al. (1975) identified a site at +258 m elevation at Woomerangee Hill (26.8841S. lat., 113.7491E. long) along the Zuytdorp Cliffs as the type locality ( Fig. 1) , and measured a 251 m section. Playford et al. (1975) concurred with Logan et al.'s (1970) general description of the sediments, but regarding the age, they stated (p. 307) ''the eolianite extends below present sea level, and it seems more likely that it formed during one of the glacial regressions, probably in late Pleistocene times''. Playford et al. (1976) then expanded the definition to include carbonate dunes in the Perth and Carnarvon Basins, and reiterated their opinion that the deposits were formed during a late Pleistocene glacial age. Playford (1990, p. 20) later broadened his definition to include ''accumulation during (multiple) glacial periods.'' And more recently, Playford (1997, p. 794 ) stated ''the Tamala Limestone accumulated as coastal sand dunes, mostly during periods of lowered sea level during the Pleistocene and early Holocene, when wide areas of the continental shelf were exposed, and carbonate productivity was high.'' ARTICLE IN PRESS Fig. 2 . A subtidal to supratidal (dune) structural transect across a typical sediment-dominated coastline (after Hearty and Kindler, 1997) . The shallowingupward facies model is representative of typical Holocene and older interglacial sequences of Western Australia, and implies association with sea-level highstand intervals.
Geologic and climatic setting
Field area and climatic setting
The study area extends over several thousand kilometers of coastal WA from Esperance to Broome (Fig. 1 ) covering over 161 (34-181 South) of latitude. Climate ranges south to north from cool temperate to tropical, and seasonally wet to extremely hot, windy, and dry. The mean annual temperature varies from about 17 1C (mean minimum and maximum annual 14-19.7 1C) at Cape Leeuwin to 27 1C (mean minimum and maximum annual 21-33 1C) at Cape Range, while rainfall across the same gradient ranges from 600-1000 to 100-200 mm/yr (Australia Bureau of Meterology: www.bom.gov.au). Evaporation rates from south to north are about 1200 mm/yr at Cape Leeuwin to over 3000 mm/yr at Cape Range. The abundance of Quaternary eolianites in WA is largely dictated by high shelf productivity (warm waters: Leeuwin Current), general aridity, and persistent and strong prevailing onshore winds. A global inventory of eolianites (Brooke, 2001) indicates that their greatest abundance occurs between 301 and 401 north and south latitude. South of 301 in WA, the climate is seasonal and strongly influenced by deep low-pressure fronts sweeping across the Southern Ocean, with strong prevailing westerly winds, and heavy onshore ocean swell. North of about 251S, the patterns reverse with dry easterly continental winds flowing offshore of the Great Sandy Desert creating extremely dry and frequently dusty conditions and fewer eolianites. These continental wind patterns appear to contribute to the sedimentology with greater percentages of quartz and reddened sediments appearing the coastal eolianites.
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Field stratigraphy and geomorphology
The Quaternary stratigraphy of WA generally consists of a succession of bioclastic dune and shoreline facies intercalated with or capped by either weak interglacial soils called protosols (Vacher and Hearty, 1989) , or yellow to red clay and/or quartz-rich soils or paleosols (i.e., buried soils) (Fig. 4) . In the Bahama Islands, used the term ''couplets'' to describe the eolianite-soil pairs, and correlated the former with interglacial highstands, and the latter with lowstand events, Fig. 3 . Pure quartz (''Q'') deposits in pits in carbonate dunes (''C'') near Lancelin (WLN2 (A)), lenses and pits at Esperance quarry (EEQ1 (B)), extensive meter-thick beds at Nine Mile Beach in Esperance (ENI3b (C)), and 30-m-high quartz dunes at Mandurah Quarry (WMQ1 (D)), which produced Aminozone G/H values on eolianite at its base. Large quartz dunes (like (D)) of middle and late Pleistocene age (Table 2 ) are found at many localities along the coastal plain of SW WA.
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when the source shoreline shifted far seaward from the modern coastline.
Most of the WA eolianites consist of weakly to moderately cemented, fine-to-coarse carbonate sand displaying large-scale festoon and planar cross-bedding, generally on windward and leeward flanks, respectively (Fig. 2) . Microscopic examination reveals the primary bioclastic components in eolianites (and WR AAE samples) to be mollusks, calcareous red algae, foraminifera, and echinoderms (Kendrick et al., 1991; Kinna, 2002) . Most taxa are warm-water species with a similar biogeographic distribution to modern highstand sediment (James et al., 1999) , with no biogeographic suggestion of colder, glacial-stage oceanographic conditions on the shelf.
With the exception of a reach of coastline SW of Broome (Hearty et al., 2006) , no ooids or oolites are documented from open ocean coastlines of WA (James et al., 2004) . However, both Pleistocene and Holocene ooids are abundant in the hypersaline waters near the stromatolite formations (Logan et al., 1970 (Logan et al., , 1974 deep within Shark Bay.
The primary biogenic grain textures and the original colors of the skeletal organisms are progressively lost with greater age of the limestone, while the progression of CaCO 3 recrystallization (aragonite-high-Mg calcitelow-Mg calcite), secondary mineral precipitation (increasing rock density and hardness), and dissolution and cavernous weathering increase with age (Kindler and Hearty, 1996; Hearty et al., 1996 Hearty et al., , 2005a Hearty, 1998) . The amino acid concentration is progressively decreased with advancing age and state of diagenesis of the carbonate medium (Roof, 1997; this study) . Soils capping limestone deposits increase in richness, hue and chroma (yellows and browns to reddish brown and red) with greater age (Hearty and Kindler, 1997; Hearty, 1998; Hearty et al., 2005a) . Diagenetic ''grades'' I (unconsolidated carbonate sand) to V (recrystallized limestone), defined by Land et al. (1967) for a succession of Bermuda limestones, are appended here as they relate to the Quaternary of WA (Fig. 5 ). 
Approach and methods
Overview
To address many of the observations and issues presented above, an extensive survey of coastal eolianites and quartz deposits was undertaken in WA since 2001. Sites were examined and samples collected, and various analyses were made to determine the composition and possible ages of the deposits. The findings of a regional aminostratigraphic investigation are summarized here, and comparisons are made with other tectonically stable carbonate-producing Quaternary shoreline and AAE sequences of the world.
At each site, stratigraphic sections were logged and photographed. Site locations were assigned names based on the nearest topographic landmark on either 1:100 000 or 1:250 000 map sheets. Samples from over 200 sites were examined and analyzed during our field investigations. These sites are too numerous for plotting in Fig. 1 , but GPS coordinates are provided for most sites (Table A1 ). Those few sites lacking GPS coordinates can be located by place names on topographic sheets of the region. With the exception of the widespread Holocene and modern dunes, nearly all indurated eolianite outcrops encountered along most road cuttings and 4-wheel-drive accessible coastal exposures were described and sampled. We thus consider our collection of sites to be a reasonably comprehensive and unbiased survey of Quaternary exposures in the region. Included among these sites are two localities along the Zuytdorp Cliffs, including Playford' (Land et al., 1967; this study) . A large majority of eolianite outcrops along the WA coastline are diagenetic grades I-III. Grades IV and V characteristics are rarely observed along the coastal plain. Note: Ages were calibrated to calendar years using CALIB v. 5.0.2 and a standard marine reservoir correction for the skeletal sediment (Reimer et al., 2004; Stuvier et al., 1998 Stuvier et al., , 2005 . Calibrated ages are reported as median probability and 7one half of the 2s age range.
À25%.
As dune sediments are composed of skeletons of organisms formed in shallow marine waters on the shelf, a marine reservoir age was applied to all AMS 14 C ages using CALIB 5.0.2 (Reimer et al., 2004; Stuvier et al., 1998 Stuvier et al., , 2005 . We chose the standard reservoir age because, although the evidence from the region is sparse, the ages are not significantly different from 400 yr (calib.qub.ac.uk/marine/ index). All 14 C ages were calibrated to calendar years before 1950 AD (cal BP) and reported as median of the probability distribution of the calibrated ages with errors of one-half of the 2s calibrated age range.
We recognize that land snails may carry with them a considerable dead carbon anomaly (100 s to 1000 s of year) inherited from grazing on radiocarbon-dead limestone (Goodfriend and Stipp, 1983; Goodfriend and Gould, 1996) . It is thus possible that several of our shell ages may be somewhat too old, but how much older is difficult or impossible to ascertain. As such, we do not apply a deadcarbon correction. It is encouraging that one live-collected shell sample from Shark Bay (OZG917) was tested and returned a modern AMS 14 C age.
U/Th methods
U/Th measurements on corals were performed using a Neptune MC-ICPMS at the Research School of Earth Sciences, Australian National University. Measurements were conducted using a combination of simultaneous multiple-Faraday cup and ion counter protocols. Following the procedures of earlier workers (e.g., Stirling et al., 1995 Stirling et al., , 1998 McCulloch and Esat, 2000) , coral ages (Table 4) Stirling et al. (1995 Stirling et al. ( , 1998 Primarily strictly reliable coral ages are reported in Table 4 ; however, several other samples of particular interest with less-reliable ages are also presented. We emphasize that this is not intended to be a study of U/Th techniques. We refer to these ages only to confirm that the deposits equate with MIS 5e, and then to provide calibration for mean AAE data from these sites. More detailed investigations of aspects of U/Th geochronology from numerous WA sites are available in Stirling et al. (1995 Stirling et al. ( , 1998 , Hearty et al. (2007) , O 'Leary et al. (in press, in review) , and several forthcoming papers.
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Amino acid geochronology
A total of $500 samples were analyzed for AAE from three latitudinally defined regions ( A large database of AAE analysis of WR and the ubiquitous WA land snail Bothriembryon provides the primary device for site-age comparisons across WA. Additional details of the WR sample preparation procedures and protocols are presented in . Briefly, WR samples were milled and sieved, split into two equal samples, and each prepared and analyzed to assess the analytical uncertainty. Samples were gently disaggregated and sieved to obtain the 250-850 mm sand fraction. Previous studies have shown that this size range is typical of beach and dune facies, and tends to exclude fine intergranular cements as well as large grains or shells that could disproportionately influence the sample result. The A/I value is a measure of the extent of epimerization of the common amino acid isoleucine. In living organisms, the A/I value after preparation is initially near zero ($0.015) and increases with age to a ratio of $1.30. Several modal classes or ''aminozones'' of D-alloisoleucine/ L-isoleucine (or A/I) ratios from both sample materials are calibrated with numerical ages by AMS 14 C and U/Th ages from this and other studies. Changing thermal histories across the WA climatic gradient from Cape Leeuwin to Cape Range yield different values, such that mean A/I for Aminozone E in Region I ($0.30) will be lower than Regions II and III ($0.50 to $0.56). Correlation of the Aminozone E across the gradient is accomplished by independent U/Th ages on corals. All AAE analyses were performed at the Amino Acid Laboratory of Northern Arizona University (D. Kaufman, Director) following the standard protocols of Miller and Brigham-Grette (1989) .
As the WR method analyzes aggregates of skeletal grains that form over time, entirely ''modern'' ratios are not expected. For example, modern beach sand from near Fairbridge Bluff on Rottnest Island yields an AMS 14 C age of 15817112 cal BP and a mean A/I of 0.04970.000 (2) ( Table 4 and Table A1 ). This sample presumably includes a mix of sand grains from late Holocene to modern age. Mixing of intraclasts from older interglacial deposits may occur in some cases, but as the concentration of amino acids decreases exponentially with age, limited percentages of reworked grains do not yield sufficient concentration of amino acids to significantly alter the A/I value . In contrast, however, the mixing of carbon-dead grains into younger deposits has a profound effect on 14 C ages, which can be independently assessed by AAE as will be demonstrated below.
Three to eight Bothriembryon shells were analyzed and averaged from a total of about 40 stratigraphic levels. Bothriembryon are abundant in most stratigraphic units around Shark Bay, and more sparsely in the adjacent Zuytdorp Cliffs. In all cases, the shells were sub-sampled from the same area of the apertural lip. This taxon demonstrates moderately variable AAE results compared to other land snails, possibly due to the more open microstructure of the fossil shells.
Amino acid diagenesis: loss of amino acids with age
Previous studies have determined that amino acid concentration decreases exponentially with greater sample age Hearty et al., 2004a) . If fossil or WR sediment samples are generally well preserved, and there is no evidence for unusual diagenesis (such as associated cavernous weathering, extreme Fe staining, complete recrystallization), then there is a threshold age at which samples yield insufficient levels of amino acids to be accurately measured. ''Insufficient levels'' translates to detection at the level of hundreds of picomoles with the ion exchange technique. A demonstrated effect of diagenesis and leaching is the selective loss of D-alloisoleucine (''A'' of A/I), relative to L-isoleucine, resulting in decreasing A/I in the most altered samples (Roof, 1997) . For this reason the maximum A/I values of a set of several from a single stratigraphic level are considered to be the most reliable indication of the deposit age. The terminal condition of the samples is the complete loss of amino acids (non-detectable on the HPLC), typically in the oldest recrystallized samples. As will be examined below, we suggest this progression is time dependent, and can thus be used as a relative-age indicator within restricted climate regimes.
Results
Regional aminostratigraphy of coastal eolianites and marine deposits in WA
The primary objective of this study is to provide an independent assessment of the frequency of occurrence (the number of sites yielding similar ages) and the range of ages of eolianite deposits along the coastal zone of WA. This study does not attempt to provide precise age estimates of individual sites, but only to draw reasonable generalizations on deposit ages (i.e., Holocene, late, middle, or early Pleistocene with the latter two each comprising several interglacials) from WR and land snail A/I data across the three regions delineated in Fig (Table 4 ; Stirling et al., 1995 Stirling et al., , 1998 . Similar regional patterns are revealed in dunes and soils containing Bothriembryon land snails. sample materials from 200+ sites (Table A1 ; Fig. 6 ). The Aminozones A-H nomenclature, indicated on the tables and histograms, represents modal classes of individual A/I values of increasing age (Table 5) , as defined in previously mentioned studies. Aminozone A is correlated with the Holocene (MIS 1) deposits, and verified by 14 C analyses (Table 3) . Aminozones C and E equate with the last interglaciation and encompass MIS 5a through 5e. U/Th ages on corals from cited studies and Table 4 confirm the correlation of Aminozone E with MIS 5e and provide a calibration for A/I means from each region (arrows in Fig.  6 ). Calibrated MIS 5e (125 ka) A/I values (Fig. 7) increase regionally between Margaret River and Cape Range between latitude 341 and 201 South (r 2 ¼ 0.86). Older Aminozones F?, G, and H probably correlate with middle Pleistocene interglacials and marine isotope stages (MIS) 7? to 11 (''F?'' and ''7?'' are queried as we suspect coastal deposits of this age are rarely found above sea level on stable coastlines, as discussed in Hearty, 2002a) . As expected, the number of sites associated with older Aminozones F? through H are fewer compared with Aminozones A-E; older deposits are eroded or buried during younger coastal sedimentary events.
WR samples appear to provide regionally consistent A/I data for deposits up to Aminozone H. However, because of the slowing epimerization rate and lower amino acid concentrations, some older middle Pleistocene correlations may be off by plus or minus one interglacial. Beyond Aminozone H, older deposits commonly yield lowered A/I or non-detectable levels of amino acids. For example, a massive eolianite at Mt. Eliza (PEZ1) in King's Park, central Perth, yielded trace to non-detectable levels of amino acids in three of four samples, averaging only $11.7 nM/mg (A+I). A measurable but unreliable A/I of 0.188 was determined from the remaining sample with a concentration of only 17.3 nM/mg. Mt. Eliza lies about 3 km landward of the Peppermint Grove site, which is correlated with MIS 7 or 9 (Murray-Wallace and Kimber, 1989; Hearty, 2003) . Based on the 2-4 m higher-than-present sea level indicated by the subtidal-intertidal facies in the deposit, we suggest MIS 9 is the more likely correlation. A thermoluminescence age of 4422 ka (Price et al., 2001 ) confirms that Mt. Eliza is certainly older than Peppermint Grove and most likely much older than Aminozone H ($400 ka).
Age estimates on WR carbonate sediment and shells using apparent parabolic kinetics (APK)
Epimerization kinetics for WR samples generally conforms more closely to a first-order reversible reaction than Table 4 and Stirling et al. (1995 Stirling et al. ( , 1998 .
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for mollusks (Hearty et al., 1992) . Nonetheless, APK can be used to estimate WR deposit ages. As mentioned, U/Th calibration at ca. 12575 ka of Aminozone E A/I values is provided at numerous sites along the WA coastline (Table A1 and Table 4 ; Fig. 6 ). Holocene deposits are generally o10 ka, as determined with AMS 14 C (Table 3 ) and low A/I values. The estimated ages of intermediate aminozones (D, C, and B) may be interpolated on the basis of an APK model (Mitterer and Kriausakul, 1989) . Ages of aminozones older than E (125 ka) must be extrapolated as few middle or early Pleistocene calibrations are generally available in WA.
APK age estimates, based on A/I at 125 ka per region are based on the equation:
where m c is the calibrated rate of AAE ¼ [(A/I) c /t c 1/2 )], (A/I) s the A/I of the sample, and t the time in years. MIS 5e calibrations (Table 4; Table A1 ) of WR A/I at 125 ka are: Region I at 0.3270.04 (8) (Foul Bay, Fairbridge Bluff, and Leander Point); Region II at 0.5070.03 (8) (C. Burney and Baba Head); and, Region III at 0.5670.07 (4) (Jacobs Rd). In all cases, WR A/I were determined from the marine sediment matrix enclosing or immediately adjacent to corals used for calibration. From APK, the maximum ages estimated from the highest and most reliable A/Is from Regions I, II, and III consistently range between 300 and 500 ka, correlating with several interglacials between MIS 9 through 13 (Table A1 ; Fig. 6 ).
APK on Bothriembryon land snails
Land snails contained in dunes immediately overlying MIS 5e marine deposits are assumed to date to latest MIS 5e, and therefore are assigned a slightly younger calibration age of 115 ka is assumed. Bothriembryon are only abundant in Regions I and II, where calibration A/Is are 0.3470.07(4) (Foul Bay, Margaret River) and 0.8370.03 (20) (Eagle Bluff and Lookout, Shark Bay; Fig. 8A ), respectively. In previous studies (e.g., Poecilozonites from Bermuda; Hearty et al., 1992 Hearty et al., , 2004b , empimerization kinetics in land snails generally exhibit parabolic pathways, compared to WR, and appear to do so for Bothriembryon, up to the last interglacial when independent calibration is considered over the past 130 ka (Fig. 8B) . The estimated ages of aminozones based on Bothriembryon older than Aminozone E calculated by APK suggest a range of ages up to about 600 ka.
The stratigraphy of Shark Bay is well represented by exposures around Eagle Bluff Lookout (SEL and SEB; Fig. 8A ). Many of the soils, quartz dunes, and eolianite units contain a mix of B. costulatus (Lamarck) and B. onslowi (Cox) (G. Kendrick, personal communication, 2005) in at least 14 distinct levels, labelled in italics ''a'' to ''n'' stratigraphically from the base to the top of the section (Fig. 8A) .
Quantification of loss of amino acids with age: increasing then decreasing A/I
Based primarily on morphostratigraphic and vertical stratigraphic succession, and limited radiometric ages, we independently ranked the relative ages of lithologic units from Shark Bay and the Zuytdorp Cliffs covering the entire depositional interval discussed in this paper. The key sections include Eagle Lookout (SEL, SEB), and Zuytdorp Cliffs (SMT and SWG) and are illustrated mostly in Figs. 8, 10 and 11. At Baba Head (SBA), MIS 5e beach deposits lap directly on to an oolite of middle Pleistocene age. Amino acid concentrations were determined based on a synthetic norleucine spike adjusted to the mass of biogenic carbonate in the samples from representative units of the lithostratigraphic succession (Table 6) .
Plots of stratigraphic rank versus amino acid concentration and A/I (Table 6 ) quantify the progressive decrease in amino acid (A+I) concentration for over half of the succession as A/I increases and peaks around 0.95 and 1.20 for WR and Bothriembryon land snails, respectively (Fig. 9) . Once the A/I attains an equilibrium value, it then decreases as ARTICLE IN PRESS (Mitterer and Kriausakul, 1989) . concentration drops below about 50-80 nM/mg, after which A/I generally becomes very low or unmeasurable. This progression is consistent between two unrelated sample materials and occurs somewhat earlier in WR samples ($rank 10) compared to land snails ($rank 6) from the same succession (Fig. 9) , indicating an effective limit of the method of about 5007100 ka. Therefore, these data support the conclusion that reversal of A/I trends toward lower values, progressing to non-detectable levels, is a reasonable time-dependent measure of relative age of limestone and fossils. This progression maps the diagenesis of amino acids in fossil material and independently confirms the stratigraphic and diagenetic evidence that the Zuytdorp Cliffs are the oldest Quaternary units in the Shark Bay area.
4.6. Stratigraphy, diagenesis, and constraints on the age(s) at the type locality of Tamala Limestone
As the type locality of the Tamala Limestone, the eolianite at Zytodorp Cliffs should be representative of Quaternary eolianites across WA in terms of stratigraphy, age, and diagenetic characteristics. Two sections along the Zuytdorp Cliffs (Fig. 10) including the type locality were logged in 2002 and 2003 (Fig. 11) . The first (26.692731 Â 113.60001) is locally referred to as ''Monkey Tarra'' (SMT1/2); the etymology is uncertain, as no geographic names appear on topographic maps near the site. The section is about 55 m high (Fig. 11) . The second is located about 3 km north of Woomerangee Hill (SWG1/2; 26.88361 Â 113.74851), where the 135-m-high, is somewhat accessible. We collected samples from over half of the exposed units at each site, below which access was limited. However, we observed, recorded, and photographed the entire section in detail at each site (Fig. 10 ).
Stratigraphy of Monkey Tarra (SMT1/2)
The upper seven units analyzed at SMT, each generally 3-10 m thick (Fig. 11) , are composed of medium to fine, buff-colored, moderately to well-sorted sand with variable kurtosis (Donald, 2003) . Carbonate percentages in both eolianites and palaeosols range between 55% and 89%. The carbonate fraction is consistently composed of marine calcareous algae, benthic foraminifera, echinoderms, and molluscs, while the non-carbonate fraction is predominantly silt to fine quartz sand. The relatively low quartz content of the soils compared to those exposed in the adjacent Shark Bay area may be an indication of the distal and elevated position of the ridge and cliffs from continental eolian sources of quartz. Further, weathering of the predominantly carbonate surface appears to have been curtailed by the subsequent episodes of eolian deposition over multiple sea-level cycles.
Eolian bedforms indicate deposition in a subaerial environment. Bioturbation by vegetation and land animals is probably responsible in cases where bedding is destroyed. Marine bedforms were not observed at either Zuytdorp Cliffs site, but lower units likely to contain marine facies were not closely observed. The limestone is well cemented in all units except D/S10, which comprise recently active dunes in small o1-2 ha patches. The stratigraphically highest Pleistocene unit D/S6 could be broken with strong hammer blows, while the stratigraphically lowest units collected (D4, S4), were highly indurated, hammer-ringing hard, and difficult to break. The limestone rocks show minor alteration of the grains in the uppermost units. Vugginess and general recrystallization were observed in the rocks of the lower units. The diagenetic grade V ( Fig. 5 ; Land et al., 1967) of the lower limestones suggests the D4 couplet is significantly older and more altered than units higher in the section (grades IV-V).
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Amino acid results from Monkey Tarra (SMT)
WR samples from eolianites from SMT reveal a decrease in A/I in stratigraphically lower units (Fig. 11) . The maximum individual WR ratios of 0.86 and 0.75 (with very low amino acid abundances) from the stratigraphically highest unit D6 suggest a minimum APK age of 300-400 ka, or possible correlation with MIS 9 or 11. In successively lower units, mean WR A/I values from units D5 and D4 yield only trace levels of amino acids, and mean A/I of 0.53 and 0.08, respectively.
On the upper, undulating ridge surface inland of the Zuytdorp Cliffs, Bothriembryon from soils on subactive dunes yield a mean A/I of 0.0570.02 (3) (SMT1(D10)) and ARTICLE IN PRESS Fig. 9 . Amino acid concentration (A+I in nM/mg) and A/I values in selected whole-rock (plates A and B) and Bothriembryon (plates C and D) samples compared to stratigraphic rank. The ranking is based on morphostratigraphic and vertical stratigraphic succession at several key sites in and near Shark Bay. Concentration decreases with older stratigraphic rank of samples, while A/I increases up to 0.95 to 1.10-1.20 (WR and land snails, respectively), then ultimately decreases to non-detectable levels. This progression of decreasing concentration is time-dependent and can be used under controlled parameters to infer the relative ages of deposits. Units at the Zuydorp Cliffs are represented by stratigraphic rank 9 to 1 for WR and 3 to 1 for land snails. C dating. These results indicate that Holocene-age land snails colonized dunes composed of eroded late and middle Pleistocene sediments from the cliffs, and demonstrate that little Holocene sediment from the shelf or shore has been transported to the upper ridge surface. Further, they highlight the importance of an independent assessment of 14 C ages on carbonate.
(3) (SMT4(S10)). The
Woomerangee Hill Section (SWG1/2)
The sedimentology of the upper SWG dune (''D'') units is similar to SMT. Field surveys in the area indicate accretionary eolian bedforms up to +200 m. The coarse grain size and preservation of biogenic grain textures suggest the dunes had a nearby source within a few kilometres. Even the uppermost limestone and paleosol units are highly indurated (Figs. 10 and 11) , however, and break only with strong hammer blows. Many of the lower units are well indurated with nearly complete intergranular cementation and recrystallization. The exposed ridge surface near Woomerangee is a deeply (1-2 m) pitted, irregular karst surface (Fig. 10B) . The diagenetic grade V throughout SWG is somewhat greater than the top of SMT, while a line of caves (Fig. 10A) at the boundary between couplets D/S7 and D/S8 accentuates the advanced stages of limestone weathering.
Amino acid results at Woomerangee Hill (SWG1/2)
WR AAE analyses of several units in the upper twothirds of the section reveal samples with decreasing A/I values in stratigraphically lower units (Fig. 11) amino acids (0-35 nM/mg). This decrease in A/I parallels that of SMT. In contrast, WR deposits within Shark Bay, only 13 km east of SMT, and 30 km north of SWG, yield higher concentrations, up to about 100 nM/mg A+I, and apparently reliable A/I values up to 0.97 (SBA3).
All Bothriembryon in SWG stratigraphic units were entirely recrystallized and more often dissolved in situ, yielding shell impressions. As a result, no Bothriembryon were analyzed from the SWG section. The presumed extinct B. ridei (Kendrick, 1978 and personal communication) , from Edel Land north of Zuytdorp Cliffs produce A/I values as high as 1.11 (Table A1 ; Fig. 6 ), indicating a minimum APK age of 4300-400 ka. B. costulatus (Lamarck) from the base of Eagle Lookout in Shark Bay produced a near-equilibrium A/I value of 1.22, indicating an age of well over 400 ka. Eolianite and marine carbonates 4780 ka exhibit some of the most extensive cave development in WA along the LeeuwinNaturalist ridge in the Augusta karst area (Eberhard, 2004) . Internal molds are the most common evidence of land snails in these rocks, however, several B. naturalistarum shells from these deposits yield exclusively non-detectable levels of amino acids (unpublished data) from recrystallized shells. Lacking alternative explanations, these results from WR and land snails suggest that the uppermost units at SWG and mid-to-lower units at SMT are most likely older than the oldest deposits within Shark Bay and on neighboring Edel Land; that is, much older than 500 ka. Morphostratigraphic evidence further suggests that the development of the basin at Shark Bay could not progress without closure of its western margin by the earlier build up of the Zuytdorp ridge.
Discussion
A regional view of age sequences of eolianites in WA
Across the three regions representing much of coastal WA, the most commonly occurring eolianites range between MIS 1 (o6-7 ka) and MIS 11-13 (o500 ka) based on AAE-APK age estimates (Fig. 6) . Holocene beaches and dunes are ubiquitous along the coast, yet spatially separated by headlands, often of last interglacial age or older bedrock. Several late Pleistocene (Aminozone E) coral reefs exposed at Foul Bay (near Hamelin Bay), Rottnest Island, Leander Point, Dongara, Shark Bay (Tetradon), Cape Cuvier, and throughout Cape Range have been dated by U/Th (cited papers and buried by younger deposits. Early Pleistocene outcrops are rare along the coastline of WA. Where present, they generally display massive accumulations and extensive cave development.
Representative Quaternary limestone-eolianite sequences in WA
Rottnest-Perth-A complex of late Pleistocene (Aminozone E and C) and Holocene (Aminozone A) eolianite and marine deposits are dominant on Rottnest Island (Hearty, 2003; Hearty et al., 2007) (Fig. 4A) . On the mainland along the Swan River estuary in Perth, late and middle Pleistocene rocks (Murray-Wallace and Kimber, 1989; Hearty, 2003) are exposed in several cliff sections (Minim Cove (Aminozone E); Peppermint Grove (Aminozone F?/G), Mt. Eliza at King's Park (4 Aminozone H)) and in road cuttings and quarries south and north of Perth.
Cape Naturaliste to Cape Leeuwin-Important components of the Quaternary coastal stratigraphy are exposed between Cape Leeuwin and Cape Naturaliste. At Conto's Beach (Fig. 4B ) south of Cape Freycinet to near C. Leeuwin, a well-developed Holocene sequence directly abuts an early Pleistocene coastal ridge, which contains the most extensive Quaternary cave system in WA (Eberhard, 2004) . This site demonstrates how antecedent topography may create large gaps in the rock record. Late Pleistocene marine and eolian sediment is exposed at numerous sites including Cowaramup, Hamelin Bay (Fig. 4C) , and Quarry Bay, the latter of which also contains outcrops of middle Pleistocene eolianite (Fig. 4D) .
Guilderton and Nambung Pinnacles-The ''Pinnacles'' are striking pillar-like rock formations that occur 4-6 km inland of the WA coastline at several localities between Perth and Cervantes, and are the central natural attraction of Nambung National Park. These stone columns emerge several meters from the desert floor and are generally 1-3 m in diameter. At Nambung NP, the pinnacles, often partially buried by pure quartz sand (Fig. 4E ), are composed of a variety of sediment types and internal structures including carbonate sand, quartz sand, thick (often 450 cm) and highly indurated micritic calcrete, red clayey soil, and rhizomorphs. Despite their spectacular and widespread occurrence in the area, little scientific research has been dedicated to understanding how and when they formed (see McNamara, 2002) .
At Guilderton Quarry (Fig. 4F) , pinnacles are progressively exhumed from within an eolianite sand quarry. The eolianite yields WR A/I values of 0.52, correlated with Aminozone H, estimated to be ca. 400 ka old. Considerably younger Aminozone E deposits (A/I ¼ 0.32) are located 5 km westward at the coastline at Guilderton. The complexity and advanced stages of diagenesis of the pinnacles, manifest by massive calcretes and complex internal structure, combined with their inland morphostratigraphic position, are commensurate with an APK age estimate of ca. 400 ka. This age estimate contrasts with the youthful age of formation of 25 ka suggested by McNamara (2002) .
We interpret the pinnacles as the preserved casts and molds of large trees in ancient forests, buried by the advance and aggradation of coastal eolianites. The casts create conduits for groundwater and precipitation of calcrete, which ultimately fill and become more highly indurated than the enclosing eolianite. When the eolianite is eroded, the more-resistant pillars are left standing in relief (Fig. 4EF) . The process of tree burial and casting during have been described for last-interglacial eolianites in Bermuda and the Bahamas (Neumann and Hearty, 1996; Hearty and Kindler, 1997) , and provides a model to explain pinnacle formation in south-central WA.
Global comparisons of the parallel diagenetic effects on amino acids and aging limestone
These geochemical and chronostratigraphic findings from both WR and land-snails are in general agreement with late Quaternary successions from Bermuda (Hearty et al., 1992) , Bahamas , and Hawaii (Hearty et al., , 2005a , as well as with the apparent relative ice-volume/sea-level changes interpreted from deep-sea d
18 O records ( Fig. 12 ; from Raymo et al., 1990) . These studies support a trend of greater highstand amplitude over the past 0.5 Ma (MIS 13 to 1; identified as Interval ''iv'' in Fig. 12 , with the probable exception of MIS 7) particularly during MIS 11, 9, and 5e. During Interval ''iii'' (0.5-1.0 Ma; Fig. 12 ), peak interglacial sea levels were comparatively lower than Interval ''iv''. During this interval of lower highstands, carbonate sediment was either sparsely or not deposited across large areas of the coastal zone currently above sea level. Lacking carbonate input, this interval was characterized by the development of dense, red and clayey soils (aka ''Big Red Soil'' or BRS of Hearty et al., 2005a) (Hearty, 2003;  Table 7 ). Likewise, mean temperatures of ca. 24-25 1C and latitudes of 21-241N latitude from the Bahamas and Hawaiian Islands (Kauai, Oahu, and Molokai) are similar to those in NW WA.
In these cases, AAE results from carbonate sequences show consistent reliable mean A/I's in stratigraphic units assigned to Aminozone H. Rocks older than the BRS generally show a reversal in A/I or non-detectable levels of amino acids (Table 7) . We suspect these factors are closely linked to recrystallization and karst processes, which are almost always more advanced in early Pleistocene rocks predating the Brunhes at 40.78 Ma in these regions (Hearty et al., 1992 . Thus, by comparison, geologic and AAE data from Bermuda, Bahamas, and Hawaii further support an early Pleistocene age of the Zuytdorp Cliffs, as suggested over three decades ago by Logan et al. (1970 Logan et al. ( , 1974 . MIS 25, 31, and 37 stand out as important interglacials (Fig. 12 ) during which many of these older units may have been deposited. We anticipate future Sr isotopic and paleomagnetic studies will corroborate these observations.
Highstand or lowstand eolianites?
This investigation has proceeded under the well-supported premise that eolianites represent supratidal shoreline facies deposited during peak interglacial highstands. A ''peak highstand'' includes three intervals: (1) the approach of sea level to its maximum position during transgression, (2) the interval when sea level stabilizes at or has minor shifts within its general maximum still stand position, and (3) the fall of sea level from its maximum position at the onset of glaciations. The configuration of the shelf and nearshore ramp, supply of sediments, onshore energy vectors, and magnitude of superimposed fluctuations on the highstand curve must also be considered along each coastline. Each interglacial has a maximum sea-level position above, at, or lower than present, during which eolian sediments can be delivered to each of these zones. Eolianites discovered by drilling far below present sea level may have been deposited during significantly lower, or much older peak sea levels, or as sediment was shifted down slope.
Our stratigraphic, sedimentological, and AAE findings support the basic assumption of predominantly highstand deposition of eolianites with the following arguments:
Uniformitarianism-Eolianites are being deposited during the current Holocene highstand in WA. Subtidal, intertidal, and supratidal facies can be observed in shallowing-upward sequences formed during the current highstand. AAE independently demonstrates the age equivalence of subtidal, intertidal, and supratidal facies for Holocene and older interglacial deposits. U/Th-dated and AAE-correlated last-interglacial marine and eolian facies are rich in carbonate (480% in most cases) and confirm a correlation with highstand events.
Diagenesis-Carbonate sediments, rich in aragonite, indurate rapidly under vadose conditions, and thus are not prone to migration. Once emplaced above sea level, the dunes are rapidly colonized by plants and animals, and quickly cement at grain contacts in the vadose environment.
Temporal limitations-At Eagle Bluff, Shark Bay, for example, there are a minimum of twelve terrigenous quartz dunes and soil units, but only two or three intercalated lenses of carbonate representing the stratigraphic record for the past ca. 400 ka (Donald, 2003) . Considering that glacial periods comprise the majority ($90%) of the Quaternary Period, if carbonate dunes were constantly migrating across the continental shelf by ''windsy considerably stronger during the glacial periods'' (Playford, 1997, p. 794) , deposition of a greater amount of carbonate sediment would be expected in the deposits.
Sedimentology-The coarse grain size in most eolianites suggests proximity to a high-energy shoreline. After tens of kilometres of migration, progressively finer-grained and smaller volumes of sands and silts would remain, inhibiting further dune propagation.
Geographic and topographic barriers-The distance from the lowstand shoreline to the present coastal ridges of WA ranges is between 50 and 100 km. Carbonate dunes generally do not migrate more than a few kilometers unless repeatedly disturbed by fire or overgrazing . If this occurred, sediments would be transported as transverse or more likely parabolic dunes or barchanoid dunes. These dunes would probably not maintain a constant volume, but rather would be ARTICLE IN PRESS thinned and distributed over large areas. The finite sediment supply (disconnected from source) and high rates of sediment dispersal would greatly inhibit long-distance migration in any dune form. Moreover, after migration of 50-100 km from the shelf break, it is unlikely that the dunes would cease to migrate, and ''rack up'' to form a succession of shore-parallel or stacked ridges as exists along the present coastline.
The Zuytdorp Cliffs themselves present a barrier to sand migration. If the current highstand of the Holocene cannot effectively deposit modern sediment on top of the Zuytdorp Cliffs 50-100 m high, as indicated by our samples, then a coastline 120 m lower, and 75 km distant from the present cliff would make transport and deposition of migrating dune sediment implausible.
Difficulties with preservation of lowstand dunesSubmerged shorelines and localized deposits, interpreted to be coastal dunes, have been described in proximity to glacial shorelines (James et al., 2004) , but few such cases have been documented on mid-to-upper continental shelf areas of WA. If the sediment were unconsolidated, the carbonate dune morphology would effectively be destroyed by transgressing seas. If the lowstand dunes were indurated, vast fields of eolianites should be preserved across the continental shelf, which have not been detected. Note: All correlations are based on aminostratigraphy and morphostratigraphic succession. Mean A/I values of whole-rock samples from WA localities are listed in Table 5 . References:
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a Hearty et al. (1992) ; Hearty and Vacher (1994) ; Hearty et al. (1999); Hearty (2002a) . b . c Hearty et al. ( , 2005a . d Hearty et al. (1996; unpublished) . e Eberhard (2004) .
Stratigraphic and AAE constraints on the ages of interbedded quartz deposits
Pits, lenses, and beds of fine-to-coarse quartz sand occur across coastal SW WA. In Region I, the differences are accentuated with nearly pure quartz deposited on nearly pure carbonate beds. Farther north in Regions II and III, quartz is more common in eolianites, due to aridity and the proximity of continental dunes. The ages of many of the quartz deposits are constrained by their association with the AAE relative ages of bounding carbonates.
Our study does not support the ''residual soil'' formation theory (e.g., Bastian, 1996) as applicable to coastal WA for the following reasons:
(1) Primary dune morphology is preserved in most Aminozone A-H carbonate-rich deposits of WA capped by quartz. Primary morphology would be lost if tens of meters of eolianite were dissolved. (2) Eolianites retain their original pristine mineralogy (high percentage of aragonite) even where overlain by beds or localized pits of pure quartz. If quartz were being concentrated by dissolution of eolianites to become ''residual soils'' (Bastian, 1996) , a pattern of increasing % quartz or decreasing % carbonate with age is expected. Instead, quartz beds are deposited on eolianites representing each of the aminozone deposits ''C'' through ''H''. In a majority of cases (55%), the insoluble quartz fraction is 100% (Table 2) , while underlying eolianites are often of similar richness in CaCO 3 (i.e., 80-99%; Table A1 ). Thus, if the underlying carbonates are pristine, the overlying pure quartz beds are unlikely to be genetically related to them. Furthermore, the 30-40-m-high, pure-quartz dunes observed today among the coastal carbonates (for example, at Mandurah Quarry (Fig. 3D) , Ankatel, and Lancelin: WMQ1, WAN1, and WLN1a in Table 2 ) cannot be explained by eolianite dissolution! (3) Extensive diagenesis would be a precursor of dissolution, yet even after hundreds of thousands of years, there is no evidence of a dissolution front, increasing percentages of quartz in older deposits, or the progressive loss of carbonate in eolianite. Aminozones A-H contain no significant karst or cave development that would be expected if these deposits were extensively dissolved over to yield pure and widespread quartz beds.
The essential physical evidence to support residual soil formation is lacking from WA. The quartz deposits in WA are more likely explained by continental dunes that expanded onto the coastal plain, as postulated by Semeniuk and Glassford (1988) . The purity of the interbedded quartz and carbonate deposits (Allayialis, 2003) implies out-of-phase deposition of each mineral facies, presumably during glacial lowstand and interglacial phases, respectively. 5.6. Is the Tamala-type locality representative of WA eolianites?
The preponderance of coastal eolianites sampled in WA is relatively young and datable by AAE, falling into Aminozones A through H at p500 ka (Fig. 6) . Most coastal-cliff profiles contain active modern, subactive, or stabilized Holocene dunes. A significant number of exposures are associated with the broad last interglacial (MIS 5) highstand, elsewhere dated between 80 and 130 ka. This interval comprises two groups, Aminozones C and E, best exposed on Rottnest Island (Hearty, 2003) . Along the Swan River estuary in Perth, facies exposures of older Aminozones F?/G and H deposits are relatively complete.
The considerable length of time required for the development of up to 10 couplets of limestone with well-developed exposure surfaces and paleosols, together with the advanced state of diagenesis, including karst and cavernous weathering, indicate the type Tamala Limestone at the Zuytdorp Cliffs is of much greater age than most Quaternary eolianite exposed in the coastal zone between Cape Leeuwin and Cape Range. The quantified decrease in the concentration of amino acids from stratigraphically lower beds at the Zuytdorp Cliffs similarly reflects an age significantly greater than Aminozone H (ca. 400 ka) from nearby Shark Bay. In Bermuda, Bahamas, and Hawaii, amino acid concentrations decrease to unmeasurable levels in many dated deposits older than Aminozone H (Table 7 ) and the BRS. We therefore conclude that the middle and upper beds at the type locality at the Zuytdorp Cliffs are of early Pleistocene age, and those lower in the section perhaps may be as old as late Pliocene. To avoid the confusion associated with the type Tamala Limestone at the Zuytdorp Cliffs, we suggest restricting the term ''Tamala Limestone'' to the rocks at the Zuytdorp Cliffs, and propose new informal formational names, members, and type localities for Quaternary limestone eolianites that can be applied more broadly to marine deposits of WA (Table 8) , and are guided by age and AAE correlations in Tables 5, 7, and Table A1 .
Conclusions
A regional AAE survey of 200 sites in WA from the Southern Ocean to the Timor Sea reveals a dominance of Holocene and last interglacial (sensu lato) sites near the coastline, with fewer middle Pleistocene exposures further inland. The degree of carbonate diagenesis in older ridges generally increases landward but reveals only moderate recrystallization and induration, and minimal cavernous weathering in most deposits defined from WR and land snails as Aminozones A to H. These aminozones most likely correlate with interglacials of MIS 1-11 or 13, based on APK age modelling and comparison with better-studied and dated Quaternary successions in Bermuda, Bahamas, and Hawaii.
Pure quartz sand deposits are often interbedded with the carbonates. These are not ''residual soils'' (the product of eolianite dissolution, leading to concentration of quartz).
Neither extensive karst nor cavernous weathering, concomitant with dissolution to account for the abundance of pure quartz, is observed in these beds. Rather, we suggest that quartz sand is widely distributed across the coastal plain by eolian activity during regressive sea-level events. A minor northward shift of 101 of the Southern Ocean convergence during glacials could account for the reversal in prevailing wind from onshore (current and interglacial pattern) to offshore (glacial periods) across much of SW WA.
Advanced limestone diagenesis, including recrystallization and speleogenesis, such as occurs at the Zuytdorp Cliffs, corresponds with low amino acid concentrations, generally producing lowing or non-detectable levels of amino acids. Nearby sites in Shark Bay, experiencing comparable environmental conditions, yield consistently high A/I values on WR samples and land snail specimens up to 300-600 ka. We quantify this progressive change and interpret local contrasts in A/I and amino acid (A+I) concentration as a function of the much greater age of the Zuytdorp Cliffs. The stratigraphic development of the sedimentary basin at Shark Bay was almost certainly aided by the earlier closure of its western margin facing the Indian Ocean.
The results of this regional investigation indicate the Tamala Limestone at the Zuytdorp Cliffs does not accurately represent ''typical'' exposed coastal deposits of WA, and therefore is undesirable as a type locality.
New informal names and type localities are proposed. Rottnest Island contains a near complete succession and a variety of shoreline facies of late Pleistocene to Holocene carbonates and soils (Hearty, 2003) . The well-described, Dampier fm (Logan et al., 1970; 1974) 
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Note: Ages are inferred or estimated based upon radiometric or amino acid epimerization data.
shallowing-upward sequence exposed near the boathouse at Peppermint Grove along the Swan River in Perth (Murray-Wallace and Kimber, 1989; Hearty, 2003) is correlated with a younger middle Pleistocene highstand. A premier exposure of eolianite and unique morphological features (including ''pinnacles'') at Guilderton, Nambung National Park, and several other localities were developed somewhat earlier in the middle Pleistocene (MIS 11?) . We propose that the type locality at Zuytdorp Cliffs be used only in reference to the massive coastal accretions over several early Pleistocene and perhaps late Pliocene interglacial cycles at several localities in WA.
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